Background: Maximal cardiopulmonary exercise testing is recommended on an annual
physical activity levels, with regular maximal cardiopulmonary exercise testing (CPET) also recommended and endorsed by the European CF Society 4 and European Respiratory Society, to monitor changes in their aerobic fitness status.
However, assessing V̇O 2max requires patients to provide a maximal physical effort and is thus considered an "effort dependent" test.
Motivation, discomfort, excessive dyspnoea, chronic fatigue, and naivety toward protocols may make patients with CF more unwilling or unable to reach volitional exhaustion and their V̇O 2max . Therefore, physiological markers of aerobic fitness that can be attained during submaximal regions of a CPET can be particularly useful. 5 One such marker is the oxygen uptake efficiency slope (OUES), a submaximal, effort-independent parameter describing the relationship between V̇O 2 and the common logarithm of minute ventilation (V̇E). 6 Given the curvilinear relationship between ventilation and oxygen uptake during incremental exercise, it is difficult to model and therefore normalization of ventilation (ie, logV E ) allows for direct comparison between tests (and groups). A higher value for the OUES indicates a greater ventilatory efficiency. The OUES has been shown to significantly and positively correlate with V̇O 2max in healthy children 7 and children with heart disease, 6 indicating its potential as a submaximal surrogate of aerobic fitness in pediatric groups.
Despite OUES appearing to be a valid determinant of exercise tolerance in adults with CF, 8 evidence for its use in children and adolescents with CF requires further verification. Only one study has previously sought to validate the OUES as an effort-independent marker of V̇O 2max in a pediatric population with mild-to-moderate CF. 9 This study calculated OUES at 100%, 75%, and 50% of the test duration and concluded it invalid, due to the observed moderate positive correlations between the OUES and V̇O 2max (r = 0.41-0.54).
Furthermore, despite decreased V̇O 2max in children with CF, the OUES was unable to differentiate fitness status between children with, and without CF; leading authors to conclude the invalidity of OUES in this patient group. However, there are multiple methodological weaknesses to this study. First, utilizing CPET time to exhaustion (TTE) as a measure of intensity may be flawed, as it does not account for variances in individual metabolic thresholds. As the presence of reduced maximal capacity 10 and an altered oxygen cost of exercise 11 have been demonstrated in individuals with CF, it is conceivable that patients in this previous study 9 may be exercising at differing relative exercise intensities (ie, as a percentage of V̇O 2max ), and even within differing intensity domains, despite being matched for exercise duration. Second, there was a lack of appropriate normalization for the influence of body size, with authors utilizing ratio-standard scaling, whereas previous research has shown this to be insufficient at removing residual effects of body size from OUES.
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Given aforementioned issues associated with previous research 9 , OUES should instead be assessed at individually determined parameters of relative exercise intensity (%V̇O 2max ) and domain thresholds, such as the gas exchange threshold (GET) and respiratory compensation point (RCP), 13 alongside utilizing allometric scaling protocols to ensure a size-free analysis of OUES. 12 Therefore, the purpose of this study was to examine correlates of [14] [15] [16] Pubertal status of children was determined as age from peak height velocity (aPHV), using published equations. 17 
| Data analysis
Pulmonary gas exchange and ventilation data were collected breath-by-breath, and subsequently averaged to 10 s time intervals.
Previously, described techniques were utilized to ascertain V̇O 2max , 18 GET and RCP. 13 To ascertain OUES values, linear regressions were obtained between V̇O 2 and the logarithmic transformation of V̇E (logV̇E), using data up to the following boundaries: 100%, 75%, and 50% of TTE (100 TTE , 75 TTE , 50 TTE ), 100%, 75%, and 50% of V̇O 2max
(100 _ VO2max , 75_ VO2max , 50_ VO2max ), GET and RCP. The time point of 100% V̇O2max also describes 100% TTE -providing eight OUES parameters per participant.
| Scaling of data
All OUES values were allometrically scaled to BSA, 19 in line with recent recommendations. 12 An allometric model was applied to remove residual effects of body size, with OUES scaled to BSA 1.40 . V̇O 2max was not scaled using allometric procedures as ratio-standard scaling sufficiently removed residual effects of body size. . Where main or interaction effects were found, pairwise comparisons using Bonferroni corrections were applied to identify where relationships existed.
| Statistical analyses
Statistical significance was set at an alpha of 0.05 and Cohen's thresholds are used to report effect sizes (ES) and illustrate the magnitudes of the mean difference. 20 3 | RESULTS
| Participant characteristics
Participant characteristics and mean differences between groups are presented in Table 1 . Significant differences were observed between CF and CON for pulmonary function and the absolute V̇O 2 at the GET.
| Correlation between OUES and V̇O 2max
All OUES/BSA 1.40 variables significantly correlated with body mass relative V̇O 2max , apart from 50% TTE within the CF group ( Measures are presented as mean (± SD). Significant mean diffeences are denoted by a bolded P vlaue. BMI, body mass index; BSA, body surface area; aPHV, age from peak height velocity; FEV 1 , forced expiratory volume in 1 s; FVC, forced vital capacity; V̇O 2max , maximal oxygen uptake; GET, gas exchange threshold; HR, heart rate; V̇E, minute ventilation; RER, respiratory exchange ratio. *Unequal groups for pulmonary volumes (CF, n = 36; CON, n = 18).
| OUES and fitness tertiles
When the data were split by tertiles according to V̇O 2max (Figure 2 ), a significant difference was observed between tertiles within both CF There was no significant difference in OUES GET /BSA 1.40 between the groups (P > 0.05). When OUES GET /BSA 1.40 was split by aerobic fitness tertiles, a significant difference was only found within the CON group between the highest (1221 ± 336) and lowest tertiles (798 ± 273, P = 0.005, ES = 1.38). The middle tertile (952 ± 356) was not significantly different to either the highest (P = 0.114, ES = 0.78) or lowest tertile (P = 0.712, ES = 0.49). In the CF group, no significant differences were found between any tertiles (highest: 1017 ± 273; middle: 1006 ± 324; lowest: 854 ± 290, all P > 0.61, ES = 0.04-0.58).
No significant differences between groups were observed for each tertile (all P > 0.11, ES = 0.16-0.64; Figure 3 ).
| DISCUSSION
The primary purpose of this study was to investigate the validity of the OUES as a submaximal alternative to V̇O 2max in young people with CF -utilizing a larger CF cohort than previous research. As the correlation coefficients in the CF groups suggest a shared variance (R 2 ) of between 9% and 22% (unlike 34-79% in CON), these results suggest that despite their association, OUES may not be a viable surrogate for V̇O 2max .
Despite positive correlations with V̇O 2max , no mean differences in OUES were observed between CF and CON at each parameter Values are presented as correlation coefficients (r) with P vlaues in parentheses. (of intensity, time, and metabolic thresholds)-a finding contrasting previous adult and pediatric studies assessing OUES in independent groups. [6] [7] [8] 22, 23 However, it could be argued that as a significantly lower V̇O 2max was not observed in CF versus CON in the present study, in contrast to previous findings, 10,21 a recruitment bias may be present.
The lack of differences between groups may be due to deconditioning of control participants (as opposed to increased fitness in CF), with V̇O 2max being 10 mL kg −1 min −1 lower in the current study, when compared to previous research. 9 Consequently, it would also be expected that no differences in OUES would be observed. However, factorial ANOVAs sought to identify the sensitivity of the OUES measurement in discriminating between children of differing fitness.
As the OUES supposedly represents V̇O 2max when maximal exercise efforts cannot be reached, 6 it is assumed that the OUES should follow a similar profiling pattern to V̇O 2max and differentiate between patients of differing clinical and aerobic fitness states.
When data were categorized into fitness based upon aerobic fitness tertiles, a division shown to predict mortality in CF, 3 a significant difference in V̇O 2max was clearly evident both within and between the groups, but the former was only seen at the highest fitness level. This observation identifies that differences in aerobic fitness (V̇O 2max ) can be isolated within children with CF. However, when represented as aerobic fitness tertiles, differences in the OUES and OUES GET ( Figure 3) were not clearly defined, with a difference only evident between high-fit and low-fit children and adolescents with CF for OUES at 100%TTE. In contrast, better discriminatory sensitivity was evident in the CON group, showing differences in OUES between all tertiles for aerobic fitness. Thus, even though some discriminatory power may be evident between children and adolescents with CF for high and low aerobic fitness, this was only found for OUES at 100%
TTE. This suggests that to isolate individuals of differing fitness status, a measurement of OUES would need to be taken at maximal exercise, as opposed to a submaximal parameter which can be identified in real-time during a CPET, such as the GET (characterized by a disproportionate increase in V̇CO 2 relative to V̇O 2 ). However, if participants would be required to reach volitional maximum to produce a maximal OUES value, clinicians would benefit from utilizing V̇O 2max as opposed to OUES from peak exercise.
As the purpose of the OUES is to provide a measure that is useful in lower functioning patients, that is, those unable/unwilling to reach volitional exhaustion, differentiation between these patients is a key requisite of this CPET parameter, especially at submaximal thresholds.
Unfortunately, this study demonstrates that the OUES does not provide such sensitivity in children and adolescents with CF. 9 were poorly matched, with a significant difference in age evident between children with CF and healthy counterparts. As previous work has identified age-and sex-related differences in the OUES, 7 this may have inadvertently affected results.
In addition, inappropriate ratio-standard scaling methods were utilized, whereas previous research has shown that allometric procedures are required to remove residual effects of body size from OUES. 12 In order to solely isolate the effects of disease status, the current study deliberately age-and gender-matched participants, utilizing allometric scaling to ensure all influencing factors were controlled for.
Given that the OUES is physiologically dependent on metabolic CO 2 production (V̇CO 2 ) and the ratio of pulmonary dead space to tidal volume (V D /V T ), 6 it is prudent to examine which factors are altered in CF which may account for its weaker relationship with V̇O 2max compared to their healthy counterparts. While a reduced V̇O 2max has been reported in children with CF, 10, 21 no differences exist between CF and CON for the percentage of V̇O 2max at which GET (an indication of the onset of metabolic acidosis 13 ) occurs, 9,10,21,26 suggesting metabolic development of CO 2 is not impaired in CF, and it may be the V D /V T ratio responsible for reduced OUES-a suggestion proposed, and supported by, previous research. 9 Given the progressive decline in lung function with age in CF, due to bronchiectasis and airway obstruction, 27 such pulmonary impairments may contribute toward elevated dead space ventilation in CF, 28 thus impacting upon OUES. As this decline in lung function is observed with age, 29 this may account for the discrepancy observed between the current research and previous OUES analyses in adults with CF. 8 Furthermore, given that the majority of patients in this study had mild-to-moderate CF (FEV 1 >70% predicted in 31/36 patients), it is unclear if the OUES will display a differing profile in patients with severe CF (FEV 1 <40% predicted).
In conclusion, the OUES is not a valid submaximal surrogate of aerobic fitness in children and adolescents with CF. This research subsequently provides clinical teams with the clear evidence that only maximal markers of prognostic value (ie, V̇O 2max ) should continue to be measured in patients with CF. Furthermore, continued research is required to identify submaximal variables that may hold clinical utility in this patient population when unable or unwilling to exercise to volitional exhaustion.
